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SUMMARY 
Ongoing climate warming threatens the survival of bogs at the warm/dry limit of their distribution (e.g. in 
central Europe), and jeopardises the restoration of damaged bogs even more. Because vegetation changes can 
be slow, early indicators of hydrological change such as testate amoebae are useful. We used testate amoeba 
community structure and community weighted mean of functional traits to monitor the impact of two very hot 
and dry summers on a small (around 100 m2) artificial peatland constructed in the botanic garden of Neuchâtel, 
Switzerland. We collected analogous samples in a naturally regenerating cutover peatland at 1000 m a.s.l. in 
the Jura Mountains as a reference. The comparison of living and dead assemblages in the botanic garden 
showed an increased representation of smaller testate amoeba taxa (Corythion dubium, small Euglypha sp.) 
with a small pseudostome (indicative of dry conditions) and a loss of mixotrophy in 2015, followed by a 
weaker further shift in 2016. Nevertheless, the testate amoeba community structure in 2016 still indicated a 
dry Sphagnum bog. Testate amoeba analysis allows rapid assessment of peatland health and/or restoration 
success. The comparison of living and dead assemblages makes it possible to observe changes within a season 
in a single sampling campaign. 
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INTRODUCTION 
Sphagnum-dominated peatlands are ecosystems with 
permanently waterlogged soils, low nutrient 
availability and high acidity (Mitsch & Gosselink 
2000). Anoxic conditions hamper organic matter 
mineralisation leading to carbon accumulation. 
Northern peatlands constitute an important carbon 
stock of 500 ± 100 Gt, representing one-third of all 
soil C trapped on an average of 3 % of the total land 
area (Gorham 1991, Yu 2012). Peatlands are 
threatened by direct impacts such as peat extraction 
(Ramsar 2013) and ongoing climate change, resulting 
in the release of C and thus feeding back positively to 
warming (Davidson & Janssens 2006, Fleischer et al. 
2016). Peatlands contain a relatively small number of 
highly specialised taxa which are well adapted to the 
characteristically harsh ecological conditions (e.g. 
Sphagnum spp., Eriophorum vaginatum, Andromeda 
polifolia). However, these species are poor 
competitors (MacArthur & Wilson 1967) and when 
conditions change (e.g. due to nutrient inputs, 
drought or drainage) less specialised and more 
competitive species (e.g. Molinia caerulea, Betula 
pendula/pubescens) colonise, leading to losses of 
biodiversity and C-sequestration function (Chapman 
et al. 2003). Peatlands also represent invaluable 
archives of past environmental changes and human 
history (Buckland 1993). Understanding global 
change effects on peatlands is, therefore, relevant at 
the global (C-cycling) and local/regional 
(biodiversity conservation, preservation of peat 
archives) scales. To achieve this, a combination of 
observational, experimental and modelling 
approaches are used. Our focus here is on an 
experimental and observational study making use of 
an artificial peatland built in a botanic garden for 
outreach, conservation and research purposes. 
In 2014, a small (ca. 100 m2) experimental raised 
bog was constructed in the botanic garden of 
Neuchâtel, Switzerland (Figure A1 in Appendix) and 
planted with characteristic species collected from 
regional natural and regenerating cutover bogs. High 
moisture and low nutrient contents are needed to 
ensure the viability of specific raised bog plants and 
associated microbial communities (Andersen et al. 
2013). Recreating a lowland peatbog is challenging, 
because the local climate at 530 m a.s.l. is warmer 
and drier than in the mountains at 1000 m a.s.l., 
where most Swiss peatlands are located. Peatlands 
including raised bogs once existed at lower altitudes 
in Switzerland but were almost totally destroyed 
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during the last two centuries (Grünig 1994). During 
2015, extended periods of drought occurred in 
Switzerland (MétéoSuisse 2016). This was followed 
by a humid winter and spring, with more than 
750 mm (75 % of the mean annual amount) of 
rainfall during the first half of 2016 in Neuchâtel, and 
then by a short but intensive heatwave in the summer 
of 2016 (MétéoSuisse 2017). In the autumn of 2015 
the experimental bog was very dry with deep cracks 
in the peat and extremely low water table (the lowest 
average for five measurement points was recorded on 
08 August 2015 at -59.7 cm; Figure A2). The rainy 
spring of 2016 provided suitable conditions for the 
recovery of most of the bog vegetation. A vegetation 
survey indeed showed that most of the vascular plants 
and bryophytes survived (Mitchell et al. unpublished 
data), although the most fragile species including 
Drosera rotundifolia were lost. However, the water 
table has not reached the high levels of spring 2015 for 
any extended period since (Figure A2), suggesting 
that an appropriate water level for long-term survival 
of the bog vegetation cannot be maintained in this 
artificial ecosystem. Therefore, the meteorological 
conditions of 2015 and 2016 represented a first real 
challenge for this experimental bog, as well as a 
valuable ‘unintentional experiment’ opportunity to 
test the resistance of characteristic bog communities 
to unfavourable conditions. 
To assess the impact of these two climatically 
challenging years on the bog, in 2015 and 2016 we 
analysed the patterns of testate amoeba communities 
in Sphagnum patches of different sizes spanning a 
broad range of shading by vascular plants. Testate 
amoebae are unicellular protists that build shells 
known as ‘tests’. They are the dominant micro-
eukaryotes in Sphagnum peatlands (Gilbert & 
Mitchell 2006). Owing to their diversity (more than 
100 taxa can be found in peatlands), relatively short 
generation times (weeks to months - allowing 
communities to adapt to changing conditions), their 
community turnover along environmental gradients, 
and the decay-resistant tests they produce, testate 
amoebae are useful indicators for monitoring changes 
in environmental conditions (Mitchell et al. 2008). 
Testate amoebae are widely used as 
palaeohydrological indicators (Booth 2002, Payne et 
al. 2008, Swindles et al. 2009, Qin et al. 2013, 
Lamentowicz et al. 2015, Gałka et al. 2017, Kołaczek 
et al. 2017) and increasingly also as biomonitors in 
peatland monitoring and restoration (Davis & 
Wilkinson 2004, Booth 2008, Laggoun-Defarge et al. 
2008, Sullivan & Booth 2011, Daza Secco et al. 
2016). Indeed, they have been shown to be more 
accurate than vegetation as reflectors of water table 
depth and hydrochemistry in Sphagnum peatlands 
(Koenig et al. 2015) and to respond rapidly to 
changes in hydrology and peatland restoration 
(Buttler et al. 1996, Lamentowicz et al. 2013, 
Marcisz et al. 2014a, Daza Secco et al. 2016). 
Testate amoebae can be used as bioindicators 
using the classical taxonomical approach as well as 
the functional traits approach; here we explore both. 
Functional diversity and community weighted mean 
of traits are meaningful tools for measuring and 
estimating ecosystem functioning (Lavorel & 
Garnier 2002, Ricotta & Moretti 2011, Laliberté et al. 
2014). The functional diversity approach assumes 
that species morphology and life history traits reflect 
and affect niche dimensions (Kearney et al. 2010, 
Villéger et al. 2011, Mouillot et al. 2013). Well-
selected traits can be used to assess the impact of 
stress or disturbance on communities by revealing 
changes in niche dimensions (Moretti & Legg 2009, 
Mouillot et al. 2013, Fournier et al. 2015) and, 
through these effects on communities, inform on 
ongoing ecological processes (e.g. changes in C 
cycling due to alterations of the food web structure). 
This approach was first developed for plants and 
animals and is now being explored for 
microorganisms such as ciliates (Barnett et al. 2013) 
and testate amoebae (Fournier et al. 2015, 2016; van 
Bellen et al. 2016). The functional traits approach 
partly overcomes identification difficulties and 
provides data that are more directly informative 
ecologically than change in taxonomic composition 
(Booth 2008, Lamentowicz et al. 2013, 2015; 
Fournier et al. 2015, Koenig et al. 2015, Daza Secco 
et al. 2016). For example, Fournier et al. (2012) 
demonstrated that testate amoeba functional traits 
were related to soil moisture in a floodplain, Marcisz 
et al. (2016) showed that the proportion of 
mixotrophic taxa decreased and the proportion of 
small taxa with a hidden (plagiostomic) pseudostome 
(shell aperture) increased in response to fire and peat 
extraction in two palaeoecological studies in Poland, 
and Koenig et al. (2018) observed a decrease of 
mixotrophic taxa and an increase in small taxa with a 
ventral or ventral-central pseudostome following 
lowering of the water level in a mesocosm study. 
In this study we used testate amoebae community 
composition and community weighted mean (CWM) 
of traits to assess the impact of extreme climate 
events on the artificial experimental peatland in the 
botanic garden of Neuchâtel, Switzerland. We 
hypothesised that: 1) the community structure and 
CWM of functional traits of testate amoebae from 
Sphagnum patches would change in response to the 
severe droughts of 2015 and 2016; and 2) that the 
magnitude of this effect would be higher in small 
Sphagnum patches with low shading by vascular 
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plants than in larger, more shaded patches because 
larger, more shady patches would provide more 
stable and favourable conditions for testate amoebae. 
We expected shifts in CWM to reflect changes in 
moisture conditions and to inform on changes in 
ecosystem functioning. We compared these temporal 
patterns with the testate amoeba communities of 
similar Sphagnum patches sampled in a naturally 
recovering peatland located at 1000 m a.s.l. in the 
Jura Mountains, used as a reference. We expected to 
see clearer differences in the lowland experimental 
site due to more stressful climatic conditions. 
METHODS 
Experimental bog and study design 
The experimental bog was built in autumn 2014 in 
the botanic garden (BG) of Neuchâtel (530 m. a.s.l.). 
A 60 cm layer of clay-rich sediments (marls) was 
overlaid with 0.5–1.5 m of peat collected from a 
degraded peatland in the Jura Mountains near 
Neuchâtel. The primary purpose of the experimental 
bog is to show to the public an example of these 
threatened ecosystems - 90 % of the original mire 
area of Switzerland has been converted to 
agricultural land or lost to peat extraction, and 90 % 
of the remaining 10 % is degraded (Grünig 1994) - 
and use it as an educational tool. A second aim is to 
maintain some regionally rare and endangered plant 
species such as Betula nana L. ex-situ. The third aim 
is to conduct experimental studies on aspects of 
peatland restoration under challenging climatic 
conditions. Water table level (relative to bog surface) 
was measured manually, in five dipwells inserted in 
different parts of the bog, at weekly intervals. 
To compare our experimental results with a more 
natural reference, we selected the Bois-des-Lattes 
(BdL) peatland, which is Switzerland’s largest 
remaining peatland (Vallée des Ponts-de-Martel, 
1000 m a.s.l.; Figure 1, Table 1). This site was 
exploited intensively for peat extraction until the 
mid-twentieth century and is now protected by law. 
In  2015,  drainage  ditches  were  filled  in  to  raise the 
Figure 1. Locations and pictures of the experimental bog at the botanic garden in Neuchâtel and the Bois-
des-Lattes peatland, Vallée des Ponts-de-Martel (Neuchâtel), Switzerland. 
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water table in a formerly extracted zone. This allowed 
spontaneous recolonisation by bog vegetation in 
patches of different sizes. 
In order to assess how vegetation patch size and 
shading by vascular plants influenced the survival of 
testate amoebae during a drought period, we selected 
Sphagnum carpets of various sizes with different 
degrees of vascular plant cover. We measured the 
diameter of each selected patch (average of several 
measurements if the patch was of irregular shape) and 
estimated vascular plant cover using the Londo semi-
quantitative scale (Londo 1976). At the Bois-des-
Lattes reference site, Sphagnum patches on a large 
area (~ 8 ha) of formerly cutover peat surface were 
selected to encompass the whole range of potential 
vascular plant cover (10–100 % at both sites) and 
patch diameter (6–35 cm, i.e. available range, at BG 
and 13–45.5 cm at BdL where patches smaller than 
13 cm could not be found). 
In the BG peatland, about ten randomly picked 
Sphagnum moss shoots per patch were collected for 
testate amoeba extraction on 16 September 2015 (BG 
2015) and 27 October 2016 (BG 2016). Similarly, on 
16 September 2016, we collected 12 samples at the 
Bois-des-Lattes. For all samples, the top 3 cm of the 
moss (including the capitulum) was collected and 
fixed (on the same day) with a 4 % solution of 
glutaraldehyde (C5H8O2) to allow differentiation of 
living and recently dead amoeba assemblages 
(Mitchell & Gilbert 2004). 
Testate amoebae 
Testate amoebae were extracted by standard sieving 
(150 µm) and back sieving (15 µm) (Charman 2001, 
Booth et al. 2010). Rose Bengal was added to stain 
the cytoplasm and thus differentiate living from dead 
individuals. One tablet of Lycopodium clavatum 
(standard preparation by Department of Quaternary 
Geology, Lund University, Sweden, batch 
N° 938934, 10,679 ± 400 spores per tab) was added 
for density calculation (Stockmarr 1971, Booth et al. 
2010). Testate amoebae were identified at morpho-
species level under light microscopy at 200× and 
400× magnification. Because this work was partly 
done by undergraduate project students, the 
identification of some taxa was challenging. To 
ensure consistency and avoid possible bias due to 
taxonomic confusion (Heger et al. 2009, Payne et al. 
2011) the following grouping of taxa was applied: 
Centropyxis aerophila includes C. aerophila, 
C. cassis, C. platystoma and Cyclopyxis kahli; 
Corythion dubium includes C. delamarei; 
Cryptodifflugia sp. includes several other small taxa 
(C. oviformis, C. minuta); Difflugia lucida type 
includes all Difflugia larger than 50 µm and Difflugia 
pulex type includes Difflugia and other taxa smaller 
than 50 µm with a shell made of xenosomes (e.g. 
Cryptodifflugia sacculus, Schoenbornia humicola 
and Pseudodifflugia sp.); Euglypha taxa are split into 
two groups, namely large taxa (> 60 µm) and small 
taxa (< 60 µm); taxa from the Nebela tincta-collaris 
group (Kosakyan et al. 2012) are split between 
N. tincta (< 95 µm, N. tincta s.str., N. gimlii, 
N. guttata, N. rotunda) and N. collaris (> 95 µm, 
N. collaris, N. bohemica); Phryganella acropodia 
includes Cyclopyxis eurystoma. Morphotaxa were 
grouped into three classes defined by water table 
depth optima (< 15 cm, 15–30 cm, > 30 cm) based on 
several datasets (Jura, Poland and Pechora, Russia) 
(Mitchell et al. 1999, Lamentowicz & Mitchell 2005, 
Lemonis 2012). We counted a total of 100 
individuals (dead and alive) per sample from BdL. At 
BG, limited amounts of Sphagnum were sampled to 
avoid significantly impacting the already stressed 
vegetation and we aimed for minimum total counts of 
50 individuals, which have been shown to provide 
valuable ecological information (Payne & Mitchell 
2008). In all cases counting was stopped after a 
maximum of two hours. Therefore, although the 
taxonomic resolution of this study is not ‘state of the 
art’ it does allow us to demonstrate the information 
that can be derived by non-specialists. 
Functional diversity 
The community weighted mean (CWM) of functional 
traits was calculated separately on living and dead 
assemblages. Morphometric traits were measured 
randomly during counting under light microscopy. 
As test length and biovolume were correlated 
(adjusted R2 = 69 %, calculated on data from a 
previous study, Koenig unpublished), we used test 
length as a proxy for biovolume because length is 
easier to measure. Community weighted mean of 
traits represents the mean value of each trait weighted 
by the species’ relative abundance (Lavorel & 
Garnier 2002, Dray & Legendre 2008, Suding et al. 
2008). Functional traits are assumed to reflect the 
local ecological conditions and can be used to 
estimate the niche dimension through the functional 
niche (multi-dimensional space in which traits are 
axes) (Villéger et al. 2011). We selected traits that are 
expected to respond to changes in humidity, as listed 
(1–6) below. 
1) Mixotrophy: binary (1 = mixotrophy, 0 = heterotrophy).
The presence of photosymbionts is interpreted as
an adaptation to wet oligotrophic conditions such
as those existing in bog pools. Mixotrophy is both
a response trait (mixotrophs being indicative of
wet conditions; Mitchell et al. (1999)) and an
effect trait (mixotrophs have been shown to
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enhance carbon fixation (Stoecker et al. 2009, 
Jassey et al. 2015)). 
2) Test compression: binary (1 = clearly compressed,
0 = approximately round in cross-section).
Compressed tests are expected to favour survival
in a thin water film but at the cost of increasing the
quantity of test material required relative to
amoeba biovolume (Bonnet 1964).
3) Origin of test material: factor with four levels
(protein, idiosomes, xenosomes prey, xenosomes
particles). Testate amoeba shells are composed of
organic material (protein test), secreted silica
plates (idiosomes), or made of particles found in
the environment (xenosomes, either prey skeleton
re-used in test construction or inorganic particles).
The presence of taxa is related to the availability
of test material (Gilbert & Mitchell 2006, Schwind
et al. 2016).
4) Pseudostome position: factor with three levels
(terminal, ventral, ventral-central). The position of
the pseudostome could reflect an adaptation to
moisture as an exposed (terminal) pseudostome is
better adapted to wet environments and a hidden
one to drier conditions (Bonnet 1964).
5) Pseudostome size: quantitative (range 4.5–55.8 µm).
The pseudostome size is an effect trait as it
determines the range of prey - taxa with a large
pseudostome occupy higher trophic positions in
microbial food webs (i.e. they are predators of
other protists and micro-eukaryotes) while taxa
with a small pseudostome are mainly
bacterivorous (Jassey et al. 2013b).
6) Test length: quantitative (range 18.2–153.7 µm).
Used as a proxy for biovolume. This is a response
trait - larger taxa have longer generation times
than small taxa and are thus expected both to be
more sensitive to perturbation and to recover more
slowly from perturbations. As larger taxa
generally also have a large pseudostome this is
also, to some extent, an effect trait.
Numerical analyses 
All analyses were based on relative abundance after 
removal of rare taxa (i.e. mean relative abundance 
< 1 %, Table A1) or on density. Differences in mean 
values between sites or between living and dead 
assemblages were tested using the Wilcoxon rank 
sum test because the data followed neither normality 
nor homoscedasticity criteria. Statistical tests 
between living and dead assemblages were 
considered as repeated measurements. The same 
applied to the BG 2015 and BG 2016 datasets, as the 
same patches were sampled. Pairwise comparison for 
CWM of each trait between sites employed the 
Wilcoxon rank test with Holm correction and exact 
p-value. Student’s t-test was used to test the 
differences between environmental variables (patch 
size, vascular cover) as the data conformed to the 
assumptions for parametric analyses. 
We performed β-diversity analyses between all 
pairs of testate amoeba assemblages (relative 
abundance data) using the Bray-Curtis index, which 
is equivalent to the Sørensen-Dice diversity index for 
abundance data, with bias adjustment (Baselga & 
Orme 2012, Oksanen 2015). Finally, to test our 
hypothesis that shade (provided by vascular plant 
cover) and patch size should protect the testate 
amoeba community from drought, we plotted the β-
diversity between living and dead assemblages for 
each site versus the gradient of 1) vascular plant 
cover expressed as a percentage of the maximum for 
the site, 2) patch size as a percentage of the maximum 
for the site, and 3) the average of both. 
All analyses were carried out with R statistical 
software (R Core Team 2016). β-diversity indices 
were calculated with the package betapart (Baselga 
& Orme 2012) and community weighted mean of 
functional traits was calculated using the package FD 
(Laliberté et al. 2014). 
RESULTS 
Climate and sampled moss patches at the two sites 
The average climate is sunnier, colder and wetter at 
the Bois-des-Lattes (BdL) reference site than at the 
botanic garden (BG) (Table 1), on the basis of annual 
mean values for 1981–2010 which differ (BdL - BG) 
by +700 Kwh m-2 of solar radiation,            -4.5 °C, 
+520 mm of precipitation, +250 cm of accumulated 
snow and +32 days with snow cover (MétéoSuisse 
2017). The years 2015 and 2016 were hotter and drier 
than the 1980–2010 average at both BdL and BG. In 
Neuchâtel, 2015 was the hottest year since 1864 
(1.29 °C above the 1981–2010 mean) and included 
the second hottest summer after 2003. In north-west 
Switzerland, total hours of sunlight was 125 % and 
precipitation 73 % of the mean for      1981–2010 
(MétéoSuisse 2016). The situation in 2016 was less 
extreme: average temperature was 0.6 °C above the 
mean for 1981–2010, but total hours of sunlight and 
precipitation were within the       1981–2010 norms. 
However, this lack of overall difference was due to 
the cold and very wet spring. The second half of the 
year was warmer with a short but record summer 
heatwave and an extremely warm September (2.7 °C 
above the 1981–2010 mean in Neuchâtel) 
(MétéoSuisse 2017). Overall, BdL was only slightly 
less impacted than BG during the climate anomaly in 
2015 and 2016. 
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Vascular plant cover did not differ significantly 
between BdL and BG (Student’s t-value = -0.072, 
p-value = 0.943) but Sphagnum patches were on 
average significantly larger in BdL (t-value = 3.903, 
p-value < 0.001). In BG, neither mean patch size nor 
mean vascular plant cover differed significantly 
between 2015 and 2016 (Student’s paired t-value = 
1.36, p-value = 0.21 for patch size and t-value 
= -1.035, p-value = 0.33 for vascular cover). BdL 
samples were mostly Sphagnum magellanicum 
(66.6 %), and to a lesser extent S. fallax and 
S. rubellum (both 16.6 %). The BG samples were 
mainly S. fallax (44.4 %) and S. magellanicum 
(33.3 %). Overall, most of the Sphagnum mosses 
sampled were alive (BG 2015: 77.8 %, BG 2016: 
91.7 %, BdL: 83.3 %), the remaining being half dry 
or possibly already dead. 
Testate amoeba density and community structure 
The density of testate amoebae (number of 
individuals per gram of dry Sphagnum) differed 
significantly between sites and sampling dates. It was 
higher in BdL (10.8, with se (standard error) 1.2 × 104 
g-1), lower in BG 2016 (3.59 ± 0.86 × 104 g-1), and 
lowest in BG 2015 (2.68 ± 0.25 × 104 g-1, Figure 2). 
The proportion of living individuals was highest in 
BG 2016 (62 ± 6 %), lower in BdL, (43 ± 2.7 %), and 
lowest in BG 2015 (25 ± 0.7 %). 
We identified a total of 24 morphotaxa, and after 
removing rare taxa (mean relative abundance < 1%), 
17 morphotaxa remained for further analyses 
(Figure 3 and Table A1). Overall, the most abundant 
taxa were Corythion dubium (10.9 %), small 
Euglypha sp. (10.2 %), Hyalosphenia papilio (9.6 %), 
Diffugia pulex group (9.5 %), Phryganella acropodia 
Table 1. Location and long-term (1981–2010) climatic characteristics (MétéoSuisse 2016, 2017) of the two 
study sites. 
Site GPS Altitudea 
Global 
radiationa 
Mean annual 
temperatureb 
Average 
precipitationb 
Total amount 
of snowb 
Days with 
snow coverb 
Latitude Longitude m a.s.l. Kwh m-2 year-1 °C mm year-1 cm year-1 days year-1 
BG 46° 59' 06'' N 6° 56' 08'' E 529 375 10.2 978 45.6 13.4 
BdL 46° 58' 03'' N 6° 42' 03'' E 1000 1073 5.7c 1500c 300c 45.5c 
a Geoportal of Service d'Information du Territoire Neuchâtelois (SITN); b Mean value 1981–2010, from Federal Office of Meteorology 
and Climatology MétéoSwisse; c rounded mean of measurements at La Brévine and la Chaux-de-Fonds, located 11 km to the west and 
12 km to the north-east of Bois-des-Lattes, respectively.  
Figure 2. Biplots of overall density of testate amoebae assemblages in the Neuchâtel Botanic Garden 
experimental peatland (BG 2015, BG 2016) and the Bois-des-Lattes reference peatland (BdL) in relation to 
Sphagnum patch diameter (x axis) and percentage vascular plant cover (y axis). The area of each circle is 
proportional to the testate amoeba density: grey circle = total density of dead + living assemblages; 
superposed (green) circle = density of living assemblages. The differences in mean patch size and mean 
vascular plant cover between the two BG sampling dates were not significant (based on Student’s t-test). 
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(9.3 %) and Nebela tincta (9.1 %); Table A1). Large 
Euglypha sp. was the most frequent taxon (found in 
93.3 % of samples) but was not abundant (4.5 %). 
Other frequent taxa were C. dubium, small Euglypha 
sp., Nebela tincta, N. collaris, P. acropodia, Assulina 
muscorum and H. papilio (60–83.3 %). The smallest 
taxa were the most abundant (D. pulex, P. acropodia, 
small Euglypha and N. tincta, 5.6–10.3 × 103 g-1). 
Archerella flavum was never found alive and could 
be a contaminant from the adjacent bare peat. In BdL 
2016, the most abundant morphotaxa were Difflugia 
pulex (22 %, of which 48.9 % was alive), 
Figure 3. Light microscopy pictures (bright field and differential interference contrast) of selected testate 
amoeba species from the botanic garden (BG) and Bois-des-Lattes (BdL) peatlands. A: Archerella flavum, 
B: Difflugia globulosa (included in Phryganella acropodia type), C: Nebela collaris, D: Hyalosphenia 
papilio, E: Euglypha compressa, F: Assulina scandinavica (included in A. seminum type), G: Assulina 
muscorum, H: Heleopera sylvatica, I: Nebela tincta type, J: Difflugia cf. lucida, K: Euglypha cf. tuberculata, 
L: Euglypha cf. ciliata, M: Hyalosphenia elegans. Note the two scales used: images A–E were taken at 200× 
magnification, scale bar = 50 µm; images F–M were taken at 400× magnification, scale bar = 20 µm. 
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P. acropodia (14.2 %, 46.1 % alive), N. tincta 
(9.9 %, 44.7 % alive) and large Euglypha (9.1 %, 
42.7 % alive). All other taxa each accounted for less 
than 7 % of the total community (Table 2). In BG 
2015 (Table 2) only two species were found, mostly 
alive: C. dubium (relative abundance 15.3 %, 80.5 % 
of individuals living) and A. muscorum (2 % relative 
abundance,   50  %   alive).    Hyalosphenia   papilio
Table 2: Descriptive statistics of testate amoeba communities (dead and living pooled together) from the 
experimental bog in Neuchâtel Botanic Garden (BG) and the Bois-des-Lattes peatland (BdL), with density 
(per gram of dry Sphagnum) (upper table) and relative abundance (lower table) presented separately for each 
site. Morphotaxa are ordered according to water table depth class (WTD, estimated on the basis of previous 
studies in Europe (Mitchell et al. 1999, Lamentowicz & Mitchell 2005, Lemonis 2012); se = standard error. 
Morphotaxa WTD BdL BG 2015 BG 2016 
Density (individuals g-1) (cm) mean se median min max mean se median min max mean se median min max 
Archerella flavum <15 4120 1108 3638 0 13074 341 112 481 0 794 219 148 0 0 1177 
Euglypha "big taxa" <15 5873 1456 3398 998 14517 715 355 0 0 3116 2208 929 1239 0 7525 
Hyalosphenia elegans <15 5324 2465 2192 0 29714 2510 707 2353 0 6037 133 104 0 0 929 
Hyalosphenia papilio <15 5462 3485 499 0 42864 6157 2136 2886 0 18733 754 530 0 0 4767 
Assulina seminulum 15–30 2375 639 1413 0 6049 603 341 0 0 3064 403 209 0 0 1559 
Centropyxis aerophila 15–30 1151 500 0 0 4840 2486 755 1677 0 6232 3187 1755 0 0 12713 
Euglypha "small taxa" 15–30 9859 2308 6877 1497 27361 1709 568 1022 335 5608 5993 2563 2477 0 22362 
Heleopera rosea 15–30 1715 1328 0 0 16168 787 554 0 0 4986 192 127 0 0 929 
Heleopera sylvatica 15–30 1013 411 645 0 4975 706 546 0 0 4986 105 105 0 0 941 
Hyalosphenia minuta 15–30 2659 1163 0 0 11007 0 0 0 0 0 0 0 0 0 0 
Nebela collaris 15–30 6079 1742 4133 0 20283 374 374 0 0 3367 6145 3793 1881 0 35868 
Assulina muscorum >30 3172 1285 1448 0 15084 734 545 0 0 4985 3741 1925 808 0 17872 
Corythion dubium >30 1853 551 1001 0 5788 4035 1758 1004 0 15282 6032 2267 3179 0 21832 
Cryptodifflugia sp >30 4626 1063 4619 0 13074 1237 863 0 0 7215 0 0 0 0 0 
Difflugia pulex >30 25183 5926 19070 0 78445 0 0 0 0 0 658 413 0 0 3531 
Nebela tincta >30 9723 2388 9077 499 25982 3976 1013 3689 0 10198 1784 1727 0 0 15595 
Phryganella acropodia >30 15762 3732 11082 2935 52157 0 0 0 0 0 3720 1280 1881 0 9535 
Relative abundance WTD mean se median min max mean se median min max mean se median min max 
Archerella flavum <15 3.9% 1.0% 3.2% 0.0% 10.9% 1.3% 0.4% 1.4% 0.0% 3.4% 0.6% 0.4% 0.0% 0.0% 3.4% 
Euglypha "big taxa" <15 5.9% 1.5% 4.1% 0.6% 18.0% 2.3% 1.0% 0.0% 0.0% 7.0% 4.8% 1.6% 3.8% 0.0% 15.1% 
Hyalosphenia elegans <15 4.5% 1.6% 2.3% 0.0% 15.7% 10.4% 3.2% 9.5% 0.0% 31.0% 0.6% 0.4% 0.0% 0.0% 3.4% 
Hyalosphenia papilio <15 4.7% 2.8% 0.8% 0.0% 33.8% 24.1% 8.3% 14.3% 0.0% 71.8% 1.7% 1.3% 0.0% 0.0% 11.5% 
Assulina seminulum 15–30 2.2% 0.6% 1.4% 0.0% 6.7% 2.1% 1.3% 0.0% 0.0% 11.5% 1.7% 1.1% 0.0% 0.0% 10.0% 
Centropyxis aerophila 15–30 1.2% 0.5% 0.0% 0.0% 6.1% 8.4% 2.1% 8.6% 0.0% 19.1% 9.1% 4.6% 0.0% 0.0% 33.7% 
Euglypha "small taxa" 15–30 9.1% 1.6% 7.4% 2.3% 20.2% 5.7% 1.4% 3.8% 1.3% 12.7% 16.0% 6.7% 12.8% 0.0% 65.5% 
Heleopera rosea 15–30 1.5% 1.0% 0.0% 0.0% 11.9% 2.2% 1.4% 0.0% 0.0% 11.3% 0.6% 0.4% 0.0% 0.0% 3.4% 
Heleopera sylvatica 15–30 0.9% 0.3% 0.8% 0.0% 3.7% 2.0% 1.3% 0.0% 0.0% 11.3% 0.2% 0.2% 0.0% 0.0% 1.9% 
Hyalosphenia minuta 15–30 2.9% 1.4% 0.0% 0.0% 14.3% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 
Nebela collaris 15–30 5.9% 1.5% 4.9% 0.0% 18.3% 1.9% 1.9% 0.0% 0.0% 16.7% 12.2% 4.0% 8.0% 0.0% 37.7% 
Assulina muscorum >30 3.2% 1.2% 2.2% 0.0% 14.3% 2.0% 1.3% 0.0% 0.0% 11.3% 15.4% 6.2% 3.6% 0.0% 46.0% 
Corythion dubium >30 2.1% 0.9% 0.9% 0.0% 11.2% 15.3% 7.0% 3.8% 0.0% 63.3% 18.1% 5.9% 12.0% 0.0% 58.9% 
Cryptodifflugia sp >30 4.1% 0.8% 4.4% 0.0% 7.6% 5.6% 4.1% 0.0% 0.0% 35.7% 0.0% 0.0% 0.0% 0.0% 0.0% 
Difflugia pulex >30 22.0% 3.7% 19.9% 0.0% 41.7% 0.0% 0.0% 0.0% 0.0% 0.0% 2.3% 1.3% 0.0% 0.0% 10.3% 
Nebela tincta >30 9.9% 2.8% 10.1% 0.8% 35.0% 15.2% 3.7% 15.4% 0.0% 38.2% 2.0% 1.8% 0.0% 0.0% 16.4% 
Phryganella acropodia >30 14.2% 2.4% 12.6% 3.8% 32.1% 0.0% 0.0% 0.0% 0.0% 0.0% 11.9% 3.5% 12.5% 0.0% 29.3% 
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was the most abundant taxon (24.1 %, Table 2), but 
only 8.6 % of individuals were alive. The next most 
abundant taxa were N. tincta (15.2 %, 20.9 % alive) 
and Hyalosphenia elegans (10.4 %, 15.6 % alive). In 
BG 2016 (Table 2) the overall community 
composition was different from that of BG 2015. The 
most abundant taxon was still C. dubium (18.1 %, 
72.6 % alive) but followed by small taxa of Euglypha 
sp (16 %, 70.3 % alive), A. muscorum (15.4 %, 60 % 
alive), Nebela collaris (12.2 %, 65.6 % alive), 
P. acropodia (11.9 %, 43.8 % alive), and 
Centropyxis aerophila (9.1 %, 67.3 % alive). Other 
taxa each accounted for less than 5 % of the 
community. Except for P. acropodia, all of the most 
abundant taxa (i.e. relative abundance > 10 %) had a 
higher proportion of living than dead individuals, but 
not significantly. 
In BdL 2016, only three taxa related to dry 
conditions (excluding A. flavum, see above) reached 
significantly higher densities in the dead than in the 
living assemblage (Figure 4). Apart from these taxa, 
the dead and living communities were quite similar 
overall. In BG 2015, only C. dubium was more 
abundant in the living than in the dead assemblage, 
but this difference was not significant (Figure 4). All 
other taxa reached higher densities in the dead 
assemblage (significantly so for four morphotaxa: 
H. papilio,   C. aerophila,   small   Euglypha sp.   and 
Figure 4. Density of testate amoeba taxa in the Neuchâtel Botanic Garden experimental peatland (BG 2015, 
BG 2016) and the Bois-des-Lattes reference peatland (BdL). For each dataset, the density of each 
morphotaxon is split between living (left, green) and dead (right, grey). The morphotaxa are arranged in 
three groups according to their water table depth optima: < 15 cm (top frame), 15–30 cm (middle frame), 
> 30 cm (bottom frame). Stars indicate significant differences in density between living and dead 
populations within the communities (Wilcoxon rank sum test p-value < 0.05). Morphotaxa abbreviations: 
Arc_fla: Archerella flavum; Ass_mus: Assulina muscorum; Ass_sem: Assulina seminulum; Cen_aer: 
Centropyxis aerophila type; Cor_dub: Corythion dubium; Cry_sp: Cryptodifflugia sp; Dif_pul: Difflugia 
pulex type; Eug_big: Euglypha ‘big taxa’; Eug_small: Euglypha ‘small taxa’; Hel_ros: Heleopera rosea; 
Hel_syl: Heleopera sylvatica; Hya_min: Hyalosphenia minuta; Hya_ele: Hyalosphenia elegans; Hya_pap: 
Hyalosphenia papilio; Neb_col: Nebela collaris; Neb_tin: Nebela tincta; Phr_acr: Phryganella acropodia 
type. 
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N. tincta). By comparison with the profile of the BdL 
community, the structure of the dead assemblage in 
BG 2015 seemed to be related to wetter conditions 
(especially due to the dominance of H. papilio). In 
BG 2016, a clear recovery occurred, as shown by the 
increased density of living individuals. However, the 
community shifted towards a dominance of taxa 
related to drier conditions than in BG 2015, but still 
within the range of the BdL community (Figure 4). 
Community weighted mean of traits 
The community weighted mean (CWM, Figure 5, 
Table A2) of traits in BG 2015 shifted significantly 
between the dead and living assemblages towards 
smaller taxa (Wilcoxon p-value = 0.044), more 
compressed (p-value = 0.021), with a smaller 
pseudostome (p-value = 0.013), an increased 
proportion of tests made of agglutinated particles 
(xenosomes, p-value = 0.013), and a loss of 
mixotrophy (p-value = 0.013). By contrast, there was 
no significant difference in CWM between living and 
dead assemblages in BG 2016 (Figure 5, Table A2). 
In BdL, the CWM did not differ significantly 
between living and dead assemblages, except for 
mixotrophy which was significantly lower in the 
living assemblage (Wilcoxon rank test p-value = 
0.006; Figure 5, Table A2) and could be linked to 
A. flavum. The CWM of BG 2016 showed no 
significant differences from either BdL 2016 (living 
and dead assemblages) or the living assemblage of 
BG 2015 (Figure 5, Table A3). 
How well do patch size and shading explain the 
shifts in communities? 
To test if patch size or the vascular cover (≈ shading) 
offered protection against desiccation for the testate 
amoeba community, we calculated the β-diversity 
between the living and the dead assemblages, based 
on the assumption that the dead assemblage 
represented the community living in the sampling 
spot before the heatwave. For each site we plotted the 
β-diversity versus 1) the relative vascular plant cover, 
2) the relative patch size, and 3) a combination of
both (Figure 6). In BdL and BG 2016, no correlation 
appeared between protection against desiccation and 
β-diversity. More surprisingly, and contrary to our 
hypothesis, in BG 2015 the β-diversity between 
living and dead assemblages increased with shading, 
and to a lesser extent with increasing patch size 
(Figure 6). 
DISCUSSION 
Testate amoeba density and community 
composition in BdL and BG 
Testate amoeba density was around three times 
higher in the Bois-des-Lattes peatland (BdL), a 
naturally regenerating bog in the Jura Mountains 
used here as a reference, than in the artificial peat bog 
in the botanic garden (BG) of Neuchâtel (Figure 2). 
Nevertheless, the densities at both sites were within 
the range reported from testate amoeba communities 
Figure 5. Boxplots of community weighted mean of traits in living and dead testate amoeba assemblages in 
the Neuchâtel Botanic Garden experimental peatland (BG 2015, BG 2016) and the Bois-des-Lattes reference 
peatland (BdL). Boxes represent standard error and vertical black lines the mean values of CWM for the 
sites (z-scored). Traits are arranged in order of decreasing humidity, with traits at the top expected to 
decrease with water stress and traits at the bottom to increase with water stress. Stars indicate significant 
trait differences between living and dead assemblages, based on a Wilcoxon rank test for paired value and 
exact p-value when available. 
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Figure 6: Biplots of β-diversity (Bray-Curtis distance index) calculated between living and dead testate 
amoeba assemblages from the Neuchâtel Botanic Garden experimental peatland (BG_2015, BG_2016) and 
the Bois-des-Lattes reference peatland (BdL) in relation to patch size, shading (% vascular plant cover) and 
a combination of the two, each given as a percentage of the maximum for the site. R^2 represents the linear 
regression coefficient for each dataset. 
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of Sphagnum peatlands (Mitchell et al. 1999, 
Mitchell & Gilbert 2004). The structure of testate 
amoeba communities differed between the two sites 
and between 2015 and 2016 in the botanic garden, but 
generally corresponded to communities reported 
from relatively dry Sphagnum peatlands (Mitchell et 
al. 1999, Opravilova & Hajek 2006, Smith et al. 
2008, Lamentowicz et al. 2013). 
In BdL 2016, the dominant morphotaxa (Difflugia 
pulex group, Phryganella acropodia group, small 
Euglypha and Nebela tincta) mostly indicated low 
water table (i.e. below -25cm) (Mitchell et al. 1999, 
Bobrov et al. 2002, Lamentowicz et al. 2011). The 
compositions of living and dead communities were 
similar, only C. dubium and A. muscorum had 
significantly higher relative abundance in the dead 
than in the living assemblages while the reverse was 
true for Cryptodifflugia sp. These taxa were not 
dominant, however (i.e. each < 5 % of the overall 
community). 
In BG 2015, most (75 %) of the testate amoeba 
community was dead. Some taxa were indicative for 
wet or relatively wet oligotrophic conditions 
(H. papilio, H. elegans; Mitchell et al. 1999, Smith et 
al. 2008), but the overall (living + dead) community 
was dominated by C. dubium, a taxon frequently 
reported from dry bog habitats (Mitchell et al. 1999) 
as well as from perturbed or stressed environments 
(e.g. dry mosses on walls and trees, tundra, etc.; 
Beyens et al. 1986, Bonnet 1991). A clear shift 
occurred with dying-out of testate amoebae related to 
wet conditions (H. papilio, H. elegans) and 
dominance of C. dubium in the living community, 
illustrating the impact of the 2015 summer drought. 
In BG 2016, although the taxonomic composition of 
living and dead assemblages showed no significant 
difference, taxa related to dry conditions were more 
abundant in the living than in the dead assemblage 
(for example, A. muscorum, C. dubium, N. collaris, 
N. tincta), and the structure of the living community 
was similar to that of dry Sphagnum peatlands such 
as the BdL reference site. 
Magnitude of the two summer droughts and 
effects on testate amoeba communities 
By sampling the top 3 cm of Sphagnum mosses and 
counting the dead and living assemblages separately 
we were able to assess the recent changes in 
community structure (i.e. one growing season), and 
specifically how the communities and associated 
functional traits responded to two years of drought. 
Although not identical, both sites experienced 
extreme climatic conditions in 2016, the summer of 
2015 being even more extreme. We hypothesised that 
these conditions would impact on the testate amoeba 
communities. The expected impact should logically 
be highest in BG 2015 for two reasons: 
1) The moss patches planted in the experimental bog
originated from both secondary and pristine bogs,
and some were kept under very wet conditions in
the botanic garden for a few years prior to building
the bog. This is reflected by the high abundance of
taxa such as Hyalosphenia papilio in the dead
assemblage of BG 2015.
2) The drought and heatwave were most extreme in
2015. Thus, the contrast between the ‘original’
conditions experienced by the communities and
the conditions to which they were exposed was
strongest in 2015. In 2016, the climate was less
extreme and communities had already partly
adapted to the drier conditions. Thus, a lesser shift
in community structure could be expected.
In agreement with this, our results showed that the
testate amoeba communities from the botanic garden 
clearly shifted in 2015, as shown by the contrast 
between dead and living assemblages and the high 
mortality (more than 75 %). The community 
structure shifted towards taxa related to drier 
conditions such as C. dubium (alive: 80.5 %) and lost 
taxa related to humid conditions (H. papilio alive: 
8.6 %, H. elegans alive: 15.6 %, H. rosea alive: 0 %, 
N. collaris alive: 0 %; Figure 4) (Mitchell et al. 1999, 
Bobrov et al. 2002, Booth 2002, Lamentowicz et al. 
2011). 
In contrast, communities from the bog in the 
botanic garden did not change much more in 2016, 
probably because their structure already 
corresponded to the dry conditions. Indeed, the most 
abundant taxa in the living community in 2016 were 
C. dubium (20.1 %), small Euglypha (18.1 %) and 
A. muscorum (16.6 %) (Figure 4), all of which 
tolerate relatively dry conditions and nutrient inputs 
(Mitchell et al. 1999, Booth 2001, Mitchell & Gilbert 
2004, Opravilova & Hajek 2006). Nevertheless, the 
percentage of living individuals increased markedly 
(+232 %). The adaptation to new conditions was, 
therefore, mostly achieved during the year 2015. 
The community weighted means (CWM) of traits 
of the BG 2016 whole community and the BG 2015 
living assemblages were more similar to the whole 
community weighted mean of the BdL reference site. 
This result suggests that, although the taxonomic 
composition of communities differed among the 
three sample sets, the abiotic conditions (e.g. 
moisture content) - which are assumed to control 
communities through ecological filtering - were 
comparable to those of a cutover bog in an early stage 
of spontaneous regeneration. By contrast, the CWM 
of traits from BG 2015 indicated that the original 
testate amoeba community was adapted to more 
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humid conditions than those found in Sphagnum 
patches in Bois-des-Lattes. The strong contrast 
between these initially much wetter conditions and 
the drought experienced during the summer 2015 
explains the observed dramatic effect on testate 
amoeba communities. These results add to the small 
but growing body of experimental evidence showing 
rapid (i.e. within one season or year) shifts in testate 
amoeba communities in response to experimental 
manipulation of water table depth (Marcisz et al. 
2014b, Mulot et al. 2017, Koenig et al. 2018). 
Testate amoeba community shifts in the two study 
sites versus patch size and shading 
We hypothesised that the testate amoeba community 
would survive better in large moss patches with high 
vascular plant cover because this combination would 
a) maximise the potential storage of water (due to
higher overall volume of the mosses) and b) minimise 
water loss. Reduced water loss is due to the lower 
surface-to-volume ratio of larger moss carpets and 
the reduced water vapour gradient between the 
surface and the air directly above mosses under the 
shade of vascular plants. To assess how patch size 
and shading influenced the magnitude of the shift in 
testate amoeba communities, we calculated the β-
diversity between living and dead assemblages as a 
measure of changes in community structure. We did 
not find any significant correlation in BdL and BG 
2016 between β-diversity and patch size and/or 
shading. In BG 2015, contrary to our hypothesis, β-
diversity was lower in open (unshaded) patches than 
in shaded ones (Figure 6). Our explanation for this 
apparent contradiction is that, under very dry 
conditions, the amoebae could barely survive in the 
less shaded patches but they may have been able to 
remain active in the shaded patches where, 
nevertheless, the dry-adapted taxa (e.g. Corythion, 
Euglypha) would thrive better and increase their 
relative abundance in the community. As a result, the 
community shift measured as β-diversity was higher 
in the more shaded moss patches. This is further 
supported by the fact that very few living individuals 
remained in open patches (Figure 3). Thus, the living 
assemblage corresponded to the remains of the 
original community without any (or with only very 
little) replacement of taxa. Therefore, it is quite likely 
that a similar study conducted in a natural peatland 
would yield different results, perhaps more in line 
with our hypothesis. 
Evolution of the testate amoeba functional niche 
Functional traits were selected in relation to water 
stress. When conditions become drier, the thickness 
of the water film becomes thinner and the nutrient 
content and prey availability change. A compressed 
and small test with a ventral or ventral-central 
pseudostome theoretically allows the amoeba to stay 
active even in a thin water film (Fournier et al. 2012, 
Marcisz et al. 2016, Payne et al. 2016). Under drier 
conditions, the populations of bacteria and fungi 
increase, and this is reflected in smaller pseudostome 
size (Jassey et al. 2013a, 2013b; Bragazza et al. 2016, 
Gavazov et al. 2017). Finally, mixotrophy is 
expected to decrease as nutrient availability increases 
due to higher mineralisation, thus reducing the 
competitive advantage of mixotrophs over 
heterotrophs (Stoecker 1998, Jassey et al. 2015). In 
BG 2015 the functional niche clearly differed 
between dead and living assemblages, indicating a 
shift towards drier conditions with a decrease in 
mixotrophy, test length and pseudostome size and an 
increase in shell compression (Jassey et al. 2013a, 
2013b; Fournier et al. 2015, Marcisz et al. 2016). 
The relationship between pseudostome position 
and water level has so far been explored using 
mesocosm experiments, field experiments and 
observational studies along humidity gradients in 
natural peatlands (Fournier et al. 2016, Marcisz et al. 
2016, Payne et al. 2016). Our results suggest that it 
could be interesting to monitor specifically functional 
traits in regenerated bogs to assess adaptations to 
local constrains and in natural peatlands to assess the 
impact of the increasingly frequent occurrence of 
drought and/or heatwaves. As adaptations are trade-
offs between niche filters, competition, access to 
nutrients, etc. (Vandermeer 1972, Tilman 1982, 
Holyoak et al. 2005, Kearney et al. 2010), long term 
studies could highlight temporal patterns from the 
stressed stage to the stable community weighted 
mean of traits. 
The shift in test material is more explainable as 
protein test was mainly related, in the botanic garden, 
to the presence of Hyalosphenia ssp. which 
disappeared completely between 2015 and 2016. In 
BdL the dominance in CWM of xenosome tests 
should be related to a broader presence of mineral 
particles and to a more complex community 
structure, including the presence of testate amoebae 
occupying different trophic levels such as 
bacterivorous, fungivorous but also micro-eukaryote 
predators (Gilbert & Mitchell 2006, Jassey et al. 
2012, Geisen et al. 2015). 
The CWM of mixotrophy calculated on living 
assemblages was highest in BG 2015, almost nil in 
BG 2016 and intermediate in BdL. Mixotrophy was 
shown to vary seasonally (Marcisz et al. 2016) and in 
relation to sunlight (Schönborn 1965). In our case, as 
we sampled during the same season (autumn) and 
after a long sunny period, mixotrophy should be high 
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if it was locally suitable (Schönborn 1965, Marcisz et 
al. 2016). Here we observed the opposite, which is 
consistent with drier and less oligotrophic local 
conditions where mixotrophy is not advantageous 
(Jassey et al. 2013b). 
The CWMs of test length and pseudostome size 
were small in both BG and BdL, indicating that water 
stress was high in both sites and that the community 
was mainly dominated by bacterivorous testate 
amoeba (Fournier et al. 2015, Marcisz et al. 2016, 
van Bellen et al. 2016). 
The dead assemblages were expected to reflect the 
shape of the original community (Mitchell et al. 
2008). So far, we do not know if this ‘old’ community 
was viable in the climatic context of the botanic 
garden, regardless of the unexpected drought. The 
comparison between all three datasets, particularly 
when only living assemblages were considered, 
indicated few differences in CWM, illustrating the 
rapidity of community shifts and the pertinence of 
separating living and dead assemblages. 
Taken together, these results indicate a high 
mineralisation rate, a low capacity for C fixation and, 
indeed, that these peatlands are likely to be C sources 
(Jassey et al. 2013a, 2015; Bragazza et al. 2016). The 
comparison of BG with the BdL reference site 
revealed that the structure of the community, based 
on functional traits, indicated comparable drivers (i.e. 
hydric stress) in both BdL and BG. 
Development of the botanic garden bog and future 
challenges 
When we sampled at the botanic garden in 2015, the 
bog showed clear signs of impact from the long and 
dry summer, with deep cracks in the peat. The very 
low density of living amoebae in BG 2015 and the 
shift in testate amoeba community structure 
suggested that the peatland was in a very critical 
condition. Even with the heavy rainfall of the 
following winter and spring, the water level in the 
bog barely returned to the surface and the ‘pools’ 
remained dry. Despite this, the specific bog 
vegetation generally remained alive until 2016 and 
most of the Sphagnum patches survived, although 
they tended to become smaller and drier than in 2015 
(data not shown). The evolution of testate amoeba 
communities reflected the macroscopic state of the 
Sphagnum patches and confirmed that the humidity 
had been reduced. The functional composition of the 
testate amoeba assemblage is a more direct reflector 
of bog wetness than is the assemblage itself, and thus 
offers potential for comparing sites at larger scales, 
as was done for peatland vegetation across Europe by 
Robroek et al. (2017). 
Our results show that it will be very challenging 
to maintain the artificial bog in the botanic garden. A 
key condition for active bog is the long-term 
maintenance of waterlogged conditions (Mitsch & 
Gosselink 2000). After the 2015 drought, the water 
table in the experimental bog hardly ever returned the 
soil surface. These low-water-table conditions 
stimulate peat mineralisation, releasing nutrients for 
plant growth and favouring non-bog vegetation 
including plant species from the surrounding 
meadows and forest. Without intensive weeding, 
several specific peatland plant species may not 
remain (e.g. Drosera rotundifolia disappeared), 
although some characteristic bog species such as 
Vaccinium oxycoccos can grow well on relatively dry 
bogs (Ecker et al. 2008, Graf et al. 2010). 
This study had some limitations. The sampling in 
BG was made with parsimony to preserve as much as 
possible of the bog. The density of testate amoebae 
was very low and, in some samples, we could find 
only a few (less than ten) living individuals. 
Secondly, we compared the community structure 
with that at BdL. This choice was sensible because 
some of the BG Sphagnum patches came from this 
peatland. However, some Sphagnum patches also 
came from other sites and from more natural settings. 
Nevertheless, our results show that such comparative 
studies are valuable, although ideally it would be 
better to compare Sphagnum patches from the same 
site (BdL), some of which had been transplanted into 
the experimental site. 
Despite these reservations, the testate amoeba 
community structure and the community weighted 
mean of traits gave coherent results and allowed their 
interpretation in terms of ongoing processes. 
Moreover, the selected traits seem pertinent to the 
assessment of drought impact on Sphagnum-
inhabiting microorganisms and are consistent with 
the macroscopic state of the experimental bog. By 
developing a set of traits that are easy for non-
specialists to measure, like the presence of 
photosymbionts (mixotrophy), test length and/or the 
position of the pseudostome, monitoring tools could 
be developed for use alongside classical vegetation 
relevés in permanent plots - which are expected to 
react more slowly to environmental changes 
(Mitchell et al. 2000, Artz et al. 2008, Haapalehto et 
al. 2011, Daza Secco et al. 2016) - to follow the 
evolution of peatland ecosystems. 
CONCLUDING REMARKS 
Botanic gardens are privileged places for plant 
conservation and public information but are less 
often used for field experiments such as the one 
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presented here. Incorporating experimental 
ecosystems such as peatlands, even if they are not as 
spectacular as tropical greenhouses, could increase 
public awareness regarding the challenges of 
biodiversity and ecosystem conservation and 
restoration, as well as emphasise the usefulness of 
such systems for experimental research. Moreover, 
providing easy access to environments like peatlands 
brings to the attention of a wide public some rare 
(possibly locally, as is the case for peatlands in 
Switzerland) ecosystems which deserve protection. 
Using soil microorganisms as indicators for the 
management of these ecosystems also nicely 
illustrates how different spatial and temporal scales 
should be integrated in ecology. 
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Appendix 
Figure A1. The experimental raised bog at Neuchâtel Botanic Garden in spring 2015. Top: general view on 
04 May, during the very wet spring period; right inset: Vaccinium myrtillus; left inset: Vaccinium oxycoccos. 
Left-column pictures show gradual drying of the ‘fen’ area from 04 May (top) through 13 May (middle) to 
02 June (bottom); during that period, the water table dropped from 19 cm above ground level to 8 cm below 
ground level. The remaining pictures show (from left to right in each case), top row: Eriophorum vaginatum, 
Betula nana; middle row: Sphagnum patch with Drosera rotundifolia and the first cracks appearing on bare 
peat, Polytrichum strictum; bottom row: Pinus mugo subsp. uncinata, Drosera rotundifolia. 
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Figure A2. Fluctuation of water table depth measured in five dipwells in the experimental peatland at Neuchâtel Botanic Garden between March 2015 and April 
2017. The horizontal line represents ground level (i.e. peat surface or top of moss carpet). The peatland was very wet during the spring of 2015, then the water table 
dropped sharply during the summer drought of 2015. The water level recovered during winter and the spring of 2016, but then dropped again in the summer of 2016 
and did not recover afterwards. 
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Table A1. Descriptive statistics for the whole testate amoeba dataset (living individuals and empty tests 
sampled at the Neuchâtel Botanic Garden experimental peatland (BG 2015 and BG 2016) and the Bois-des-
Lattes (BdL) reference site). Morphotaxa are listed in order of decreasing abundance, and the low-abundance 
(< 1 %) taxa in the box at the bottom of the Table were discarded before the analyses. Density is expressed as 
number of individuals per gram of dry Sphagnum, n = number of sampling plots where the taxa occurred, 
N = total number of sampling plots (30). 
Morphotaxa 
Frequency Relative abundance (%) Density (g-1) 
n/N mean se median min max mean se median min max 
Corythion dubium 83.3% 10.9 3.0 3.7 0 63.3 3761 912 1968 0 21832 
Euglypha “small taxa” 73.3% 10.2 2.2 7.4 0 65.5 6254 1331 4597 0 27361 
Hyalosphenia papilio 56.7% 9.6 3.2 1.7 0 71.8 4258 1558 731 0 42864 
Difflugia pulex 46.7% 9.5 2.4 0.0 0 41.7 10271 3234 0 0 78445 
Phryganella acropodia 63.3% 9.3 1.8 8.1 0 32.1 7421 1980 3416 0 52157 
Nebela tincta 73.3% 9.1 1.9 6.1 0 38.2 5617 1269 2401 0 25982 
Nebela collaris 66.7% 6.6 1.6 3.7 0 37.7 4387 1379 1663 0 35868 
Assulina muscorum 60.0% 6.5 2.2 1.8 0 46.0 2611 797 885 0 17872 
Centropyxis aerophila 56.7% 5.7 1.6 1.6 0 33.7 2163 605 725 0 12713 
Hyalosphenia elegans 60.0% 5.1 1.3 1.5 0 31.0 2922 1061 707 0 29714 
Euglypha “big taxa” 93.3% 4.5 0.8 3.6 0 18.0 3226 759 1561 0 14517 
Cryptodifflugia sp 43.3% 3.3 1.3 0.0 0 35.7 2222 612 0 0 13074 
Archerella flavum 56.7% 2.1 0.5 1.2 0 10.9 1816 558 567 0 13074 
Assulina seminulum 56.7% 2.0 0.5 0.9 0 11.5 1252 323 608 0 6049 
Heleopera rosea 30.0% 1.5 0.6 0.0 0 11.9 980 556 0 0 16168 
Hyalosphenia minuta 16.7% 1.2 0.6 0.0 0 14.3 1064 513 0 0 11007 
Heleopera sylvatica 40.0% 1.0 0.4 0.0 0 11.3 648 237 0 0 4986 
Trinema lineare 20.0% 0.7 0.4 0.0 0 10.7 223 101 0 0 2155 
Difflugia lucida 23.3% 0.4 0.1 0.0 0 2.9 257 103 0 0 2420 
Trigonopyxis arcula 20.0% 0.3 0.1 0.0 0 1.9 217 101 0 0 2487 
Nebela militaris 16.7% 0.2 0.1 0.0 0 2.0 228 100 0 0 2155 
Arcella catinus 6.7% 0.2 0.2 0.0 0 4.3 65 48 0 0 1324 
Bullinularia indica 6.7% 0.1 0.1 0.0 0 2.1 53 37 0 0 914 
Amphitrema wrightianum 6.7% 0.1 0.0 0.0 0 0.9 82 57 0 0 1244 
22
Table A2. Wilcoxon rank test (V) for each functional trait between living and dead testate amoeba assemblages 
in the Neuchâtel Botanic Garden experimental peatland (BG 2015 and BG 2016) and Bois-des-Lattes reference 
site (BdL). Significant p-values (< 0.05) are shown in bold type. 
CWM 
BdL BG 2015 BG 2016 
V p-value V p-value V p-value 
Mixotrophy 55 0.006 44 0.008 9 0.201 
Test length 63 0.064 40 0.039 30 0.426 
Pseudostome size 55 0.233 44 0.008 33 0.25 
Pseudostome terminal 27 0.38 27 0.234 22 1 
Test protein 47 0.569 35 0.164 14 0.106 
Xenosomes prey 32 0.622 19 0.944 22 0.624 
Xenosomes particles 20 0.151 44 0.008 21 0.726 
Idiosomes 61 0.092 6 0.055 13 0.301 
Test compression 38 0.97 1 0.021 12 0.8 
Pseudostome ventral-central 43 0.791 0 NA 23 0.151 
Pseudostome ventral 59 0.129 9 0.234 15 0.426 
Table A3. Pairwise comparison (Wilcoxon rank test with “Holm” correction for the p-value) of the community 
weighted mean (CWM) of selected traits between pairs of datasets (Bois-des-Lattes: BdL; Neuchâtel Botanic 
Garden: BG (2015 and 2016); living assemblages: A; dead assemblages: D). Significant p-values (< 0.05) are 
shown in bold type. 
Mixotrophy BdL_A BdL_D BG 2015_A BG 2015_D BG 2016_A 
BdL_D 0.2709 - - - - 
BG 2015_A 1 1 - - - 
BG 2015_D 0.0315 0.7584 0.031 - - 
BG 2016_A 1 0.0195 0.604 0.023 - 
BG 2016_D 1 0.4289 0.604 0.023 0.604 
Test length BdL_A BdL_D BG 2015_A BG 2015_D BG 2016_A 
BdL_D 1 - - - - 
BG 2015_A 1 1 - - - 
BG 2015_D 0.0068 0.0131 0.195 - - 
BG 2016_A 1 1 1 0.047 - 
BG 2016_D 1 1 1 0.219 1 
Pseudostome size BdL_A BdL_D BG 2015_A BG 2015_D BG 2016_A 
BdL_D 1 - - - - 
BG 2015_A 1 1 - - - 
BG 2015_D 0.014 0.014 0.047 - - 
BG 2016_A 1 1 1 0.047 - 
BG 2016_D 1 1 1 0.156 0.75 
Pseudostome terminal BdL_A BdL_D BG 2015_A BG 2015_D BG 2016_A 
BdL_D 1 - - - - 
BG 2015_A 1 1 - - - 
BG 2015_D 1 1 0.936 - - 
BG 2016_A 1 1 1 0.195 - 
BG 2016_D 0.034 0.02 1 0.023 1 
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Test protein BdL_A BdL_D BG 2015_A BG 2015_D BG 2016_A 
BdL_D 1 - - - - 
BG 2015_A 1 1 - - - 
BG 2015_D 0.0449 0.0663 0.211 - - 
BG 2016_A 0.0014 0.0014 0.09 0.045 - 
BG 2016_D 0.0471 0.04 0.104 0.023 0.211 
Xenosomes prey BdL_A BdL_D BG 2015_A BG 2015_D BG 2016_A 
BdL_D 1 - - - - 
BG 2015_A 1 1 - - - 
BG 2015_D 1 1 1 - - 
BG 2016_A 1 1 1 1 - 
BG 2016_D 1 1 1 1 1 
Xenosomes particles BdL_A BdL_D BG 2015_A BG 2015_D BG 2016_A 
BdL_D 1 - - - - 
BG 2015_A 0.0029 0.0029 - - - 
BG 2015_D 0.0559 0.0798 0.047 - - 
BG 2016_A 0.8749 0.9915 0.237 1 - 
BG 2016_D 0.8749 1 0.112 1 1 
Idiosomes BdL_A BdL_D BG 2015_A BG 2015_D BG 2016_A 
BdL_D 1 - - - - 
BG 2015_A 1 1 - - - 
BG 2015_D 1 1 0.219 - - 
BG 2016_A 0.094 0.373 0.387 0.039 - 
BG 2016_D 0.084 0.373 0.734 0.023 0.602 
Test compression BdL_A BdL_D BG 2015_A BG 2015_D BG 2016_A 
BdL_D 1 - - - - 
BG 2015_A 0.023 0.011 - - - 
BG 2015_D 1 1 0.13 - - 
BG 2016_A 1 1 0.32 1 - 
BG 2016_D 1 1 0.13 0.3 1 
Pseudostome ventral-central BdL_A BdL_D BG 2015_A BG 2015_D BG 2016_A 
BdL_D 0.254 - - - - 
BG 2015_A 0.211 1 - - - 
BG 2015_D 0.031 0.148 0.98 - - 
BG 2016_A 0.015 0.052 1 0.98 - 
BG 2016_D 0.015 0.052 1 0.98 1 
Pseudostome ventral BdL_A BdL_D BG 2015_A BG 2015_D BG 2016_A 
BdL_D 1 - - - - 
BG 2015_A 0.0011 0.0011 - - - 
BG 2015_D 0.0011 0.0011 - - - 
BG 2016_A 0.9224 0.9358 0.18 0.18 - 
BG 2016_D 1 1 0.11 0.11 0.18 
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